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Excitation of coherent optical phonons in solids provides a pathway for ultrafast modulation of
light on a sub-ps timescale. Here, we report on efficient 3.6 THz modulation of light reflected from
hybrid metal/semiconductor plasmonic crystals caused by lattice vibrations in a few nm thick layer
of elemental tellurium. We observe that surface plasmon polaritons contribute significantly to pho-
toinduced formation of this thin layer at the interface between a telluride-based II-VI semiconductor,
such as (Cd,Mg)Te or (Cd,Mn)Te, and a one-dimensional gold grating. The change in interface com-
position is monitored via the excitation and detection of coherent optical tellurium phonons of A1
symmetry by femtosecond laser pulses in a pump-probe experiment. The patterning of a plasmonic
grating onto the semiconductor enhances the transient signal which originates from the interface
region. This allows monitoring the layer formation and observing the shift of the phonon frequency
caused by confinement of the lattice vibrations in the nm-thick segregated layer. Efficient excitation
and detection of coherent optical phonons by means of surface plasmon polaritons are evidenced by
the dependence of the signal strength on polarization of pump and probe pulses and its spectral
distribution.
I. INTRODUCTION
Strong localization of light in plasmonic structures is
widely used to intensify a large variety of optical phe-
nomena. One of the most prominent examples is sur-
face enhanced Raman scattering where the use of metallic
nanoparticles in direct vicinity of the investigated mate-
rial allows increasing the effective Raman cross section by
many orders of magnitude and reaching the signal levels
capable of single molecule detection [1]. Surface plasmon
polaritons (SPPs) at the interface between metals and di-
electrics can be efficiently used for enhancement of light-
matter interaction as well [2]. First, the excitation of a
SPP leads to significant electromagnetic energy localiza-
tion near the metal-dielectric interface. Second, the po-
lariton dispersion is very sensitive to variations of the di-
electric function in a sub-wavelength thin region close to
the interface. Based on these principles, surface plasmon
resonant sensors for the detection of chemical and biolog-
ical species are developed [3]. In addition, one can use an
external stimulus such as optical excitation [4–8], acous-
tic waves [9–12] and external magnetic fields [13–16] in
order to influence the dielectric function of metal and/or
dielectric and subsequently to control the SPP propaga-
tion constant. Therefore, SPPs are well suited for appli-
cations in optoelectronic devices where high sensitivities
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and efficient optical excitation at the nanoscale are es-
sential [8]. In this way, plasmonic crystals–periodic plas-
monic materials–are mostly promising since their struc-
ture allows the excitation of different type of modes in-
cluding propagating and localized SPPs as well as cavity
and hybrid plasmon-waveguide modes [17–19].
The combination of plasmonic structures with semi-
conductor materials is of great interest for both applied
and fundamental science. Semiconductor nanostructures
with their excellent optical and electrical properties can
be tailored for the targeted applications on a detailed
level by nanotechnology [20]. In their turn, plasmonic
structures can be used to increase the strength of the
dynamical optical response from semiconductor nanos-
tructures and to uncover new processes which are typ-
ically too weak to be observed in conventional systems.
Optical studies in hybrid plasmonic-semiconductor struc-
tures demonstrated SPP assisted photoinjection of hot
carriers from the metal into the semiconductor [8, 21].
Some progress in coupling the fundamental optical exci-
tations in semiconductors with SPPs has been achieved,
e.g. modifications of the exciton energy spectrum [22, 23]
and recombination dynamics [24, 25] in direct band gap
III-V compounds were reported. However, ultrafast stud-
ies with optical pulses, which deserve special attention in
connection with active plasmonics, have been limited to a
few works where the propagation constant of SPPs is con-
trolled due to the modulation of the dielectric function
by photoexcited carriers in a semiconductor layer [4, 6].
2In this paper, we demonstrate that SPPs can be suc-
cessfully used for efficient excitation and detection of high
frequency coherent optical phonons in semiconductors at
the nanoscale. And vice versa, lattice vibrations allow
performing ultrafast THz control of SPP optical reso-
nances. In case of the considered plasmonic crystals this
is accomplished by THz modulation of the SPP resonance
quality factor. The results are based on ultrafast time-
resolved pump-probe studies in hybrid structures which
comprise an epitaxially grown (Cd,Mg)Te or (Cd,Mn)Te
layer capped with a one-dimensional plasmonic grating.
The experiments are performed in the transparency re-
gion, i.e. the photon energy ~ω0 ≈ 1.5 eV is significantly
lower than the energy gap in the semiconductor layer
Eg > 1.7 eV. The patterning of a noble metal grating
on top of a semiconductor allows for the excitation of
propagating SPPs at the metal-semiconductor interface,
which gives rise to the observation of two main features.
First, we detect the formation of a tellurium (Te) layer
at the metal-semiconductor interface due to optically in-
duced segregation. Its formation is evidenced by coherent
oscillations of the symmetric A1 breathing mode in dif-
ferential reflectivity transients with a frequency of about
3.6THz. The buildup of this layer can be monitored over
time by analyzing the change in oscillation amplitude and
frequency during prolonged exposure to the pump beam.
In contrast to the results obtained on the plasmonic sam-
ple, the oscillatory signal is barely visible when no gold
grating is patterned onto the semiconductor. Second,
by performing polarization- and spectrally-resolved mea-
surements for different angles of light incidence, we find
that SPPs lead to an enhancement of both, excitation of
coherent phonons and their detection in the differential
reflectivity. The high sensitivity of the plasmonic struc-
ture to vibrations of the crystal lattice allows measuring
signals from a 1nm thin layer of Te, where confinement of
optical phonons is manifested in a shift of the A1 phonon
frequency to higher values.
II. EXPERIMENTAL APPROACH
The semiconductor structures were grown using
molecular-beam epitaxy on semi-insulating GaAs sub-
strates having either a crystal orientation of (001) or
(111) along the growth direction (axis z). The struc-
tures contain a several µm thick CdTe-buffer layer which
is introduced in order to reduce the mismatch in lat-
tice constant between the substrate and the active µm
thick layer of ternary (Cd,Mg)Te or (Cd,Mn)Te alloy.
Pump-probe data give similar results on all of the sam-
ples. Further on, we concentrate on a (001) oriented
sample with 4µm thick CdTe-buffer layer followed by
1.1µm thick Cd0.86Mg0.14Te layer (#100112A). Photo-
luminescence and reflectivity spectra indicate an energy
gap of about Eg = 1.74 eV (713 nm) at room tempera-
ture T = 300K and Eg = 1.82 eV (681nm) at T = 10K,
which is in agreement with 14% Mg content [26].
FIG. 1. (a) Schema of the investigated samples and the ge-
ometry of experiment used for reflectivity measurements with
spectrally broad white light source. (b) SEM image of the sur-
face of the plasmonic grating. (c) Reflectivity spectra taken
on the plasmonic crystal in p- and s- polarizations and nor-
malized to reflectivity from a flat gold surface. Angle of in-
cidence is 17◦. Symbols represent the calculated resonance
positions of the excited SPPs at the gold-air interface (open
circle) and at the gold-semiconductor interface (filled circles).
(d) Reflectivity spectra taken under white light illumination
on the plasmonic grating for varying incidence angles θ. Spec-
tra measured in the plasmonic p-polarization Rp(λ) were nor-
malized to the spectra in the non-plasmonic s-polarization
Rs(λ). Spectra are offset by 0.2 for better visibility. The
dotted lines indicate the calculated positions of the SPP res-
onances. Inset: spectrum of the Ti:Sa laser.
The metallic gratings on top of the semiconductor
were prepared by electron-beam lithography (EBL) of a
300nm thick poly (methyl methacrylate) (PMMA) re-
sist, gold evaporation and a subsequent lift-off proce-
dure. For patterning the photoresist, the EBL instru-
ment RAITH150TWO was used. A schematic sketch of
the investigated structure and its main parameters are
shown in Fig. 1(a). The scanning electron microscope
(SEM) image of a gold grating is shown in Fig. 1(b). The
grating parameters are: height of gold h ≈ 70–100 nm,
grating period d = 525nm and slit width r = 100nm. A
part of the sample surface was left uncovered by gold and
PMMA, thus leaving areas of bare (Cd,Mg)Te serving as
3a reference for the optical experiments.
The investigated structures can be considered as plas-
monic crystals because the periodically patterned metal
film attached to the semiconductor gives rise to interfer-
ence of SPPs and their coupling to far field radiation.
The spectral position of SPP resonances and their dis-
persion follow from angle-resolved zero-order reflectivity
spectra which are shown in Fig. 1(c) and 1(d). The mea-
surements were performed using a spectrally broad white
light source (tungsten lamp) and the plane of incidence
was perpendicular to the grating slits [see Fig. 1(a)]. The
polarization configuration shown in Fig. 1(a) corresponds
to the p-polarized case, where the electric field ~E of the
incoming light wave of wavevector ~k0 is oscillating paral-
lel to the plane of incidence. Fig. 1(c) shows reflectivity
spectra measured for p-polarized incident light along with
the spectrum measured for s-polarized incident light un-
der an incidence angle of θ = 17◦. The experimental data
are normalized to the reflectivity spectrum of a flat gold
surface illuminated under the same angle with light of
the corresponding polarization. The resonance positions
of the SPPs excited at the gold-air (gold-semiconductor)
interface in the case of p-polarized light are marked as
open (filled) dots.
It follows that in s-polarization more than 80% of light
is reflected back and the spectrum Rs(λ) is flat. Indeed,
TM polarized SPPs can be excited only in p-polarization.
The p-polarized spectrum Rp contains several resonances
with an asymmetric Fano-like shape. High frequency
oscillations originate from Fabry-Perot interferences in
the layered structure. Reflectivity spectra Rp(λ)/Rs(λ)
for various incident angles are presented in Fig. 1(d).
Here, p-polarized spectra are normalized by featureless
s-polarized curves. The spectral position of the reso-
nances and their angular dependence correspond well to
the calculated frequencies of the SPP modes at the gold-
air (around 600–700nm) and gold-semiconductor (750–
850nm) interfaces [see dotted lines in Fig. 1(d)]. The
SPP frequencies were calculated by the scattering-matrix
method [27]. The spectral dispersion of both the dielec-
tric constant of Cd0.86Mg0.14Te [28] and gold [29] were
taken into account. Here, the best accordance of optical
spectra and modeling were found for grating parameters
d ≈ 525nm, r ≈ 170nm and h ≈ 100 nm. The differ-
ence in slit width r when compared with the SEM data
is caused by possible deviations of the dielectric function
in the semiconductor constituent close to the interface
and/or a non-rectangular profile of the metal grooves.
The temporal dependence of the reflectivity was stud-
ied using an ultrafast pump-probe setup. Here, a Ti:Sa
oscillator (Coherent MICRA) generated optical pulses
with a central wavelength of 800 nm, spectral width of
about 70 nm and a repetition rate of 80MHz. The laser
beam was divided by a silica beam splitter into a pump
and a probe beam. The temporal delay between pump
and probe pulses was adjusted by a mechanical delay
line mounted in the pump beam path. Polarization op-
tics in both beam paths were used to adjust the intensity
FIG. 2. Sketch of the two geometries used for the pump-
probe measurements. Polarization configuration is set such
that SPPs can be excited by both pump and probe beams.
(a) The pump beam is incident perpendicular to the grating
slits, while the probe beam is incident parallel to the slits. (b)
The pump beam is incident parallel to the grating slits, while
the probe beam is incident perpendicular to the slits.
and the polarization of the two laser beams. The beams
were subsequently focused onto the sample using a re-
flective microscope objective with a magnification factor
of 15 comprising 4 sectors through which light could en-
ter and exit the objective. The incidence angles of the
laser beams were θ ≈ 17◦. In order to ensure that the
probe beam addresses a homogeneously excited sample
area, the spot diameters for pump and probe beam were
set to 13µm and 10µm, respectively. The energy den-
sity of the pump pulse was varied in the range from 30
to 140µJ/cm2 and the probe fluence was set to smaller
values in the range from 8 to 20µJ/cm2. The pulse
chirp acquired during propagation through the optical
elements was compensated by means of a pulse shaper
and a compressor using the multiphoton intrapulse in-
terference phase scan procedure [30]. The pulse dura-
tion of the transform limited pulses was about 20 fs. For
low temperature measurements at 10K the sample was
mounted on the cold finger of a He flow cryostat. The
reflected light intensity was detected by one of the diodes
of a balanced photodetector while the second diode was
exposed with a fraction of the laser beam as a reference
to account for intensity fluctuations of the Ti:Sa laser.
The transients were obtained by modulating the pump
intensity with a mechanical chopper wheel and demodu-
lating the differential photodetector signal by means of a
lock-in amplifier. For spectral dependence measurements
an additional tunable interference filter was introduced
into the probe beam before the detector.
The investigated structures support SPPs propagat-
ing mainly perpendicular to the grating slits and there-
fore the mutual orientation of the grating axis x and the
plane of incidence for the pump and probe beams plays
a crucial role. In order to spatially separate the reflected
beams, the pump and probe pulses were sent into the
microscope objective through different neighboring sec-
tors. Therefore, the planes of incidence of both beams
4were orthogonal to each other. In this case, there exist
two possible geometries as depicted in Fig. 2. First, the
pump beam is impinging onto the sample perpendicular
to the grating slits (ϕpu = 0
◦) while the plane of incidence
of the probe beam is parallel to the slits (ϕpr = 90
◦). By
rotating the sample by 90◦ the second geometry is real-
ized. Here, the situation is opposite with ϕpu = 90
◦ and
ϕpr = 0
◦.
Although the incidence angle θ = 17◦ is equal for both
of the beams, the spectral positions of SPPs that are
addressed by pump and probe beams are different. For
azimuthal angle ϕ = 0◦ the excitation of SPPs takes place
along the x axis with wavevector kSPP = k0 sin θ ±mG,
where G = 2π/d is the reciprocal vector magnitude of
the plasmonic crystal lattice and m is an integer. In this
case SPP resonances which are covered by our pulsed
laser source are located at 766nm and 823 nm as follows
from Fig. 1(c) and 1(d).
For ϕ = 90◦ SPPs are also excited predominantly along
the x-axis with kSPP ≈ ±
√
(mG)
2
+ (k0 sin θ)
2
≈ ±mG
since (k0 sin θ)
2
≪ m2G2 holds. In this second geometry,
the excitation of SPPs is approximately equivalent to the
case of normal incidence (θ = 0◦) and corresponds to
a resonance around 792nm [see Fig. 1(d)]. The use of
both geometries allowed us to evaluate the role of SPPs
by comparing the spectral dependence of the ultrafast
response when different SPP resonances are addressed.
These results are presented in section IV. Note that all
SPPs addressed in the pump-probe experiment originate
from the interface between gold and semiconductor.
III. SPP ASSISTED TELLURIUM
SEGREGATION AT THE INTERFACE
In this section we discuss the ultrafast response in
the Au/semiconductor hybrid plasmonic crystals mea-
sured in the first configuration as depicted in Fig. 2(a)
(ϕpu = 0
◦ and ϕpr = 90
◦). The pump and the probe
beams were p- and s- polarized, respectively, in order to
establish efficient interaction with SPPs. A selection of
pump induced differential reflectivity transients ∆R(t)/R
measured at room temperature is shown in Fig. 3. The
left set of data (a) presents measurements performed on
the bare semiconductor while the right set of data (b)
was obtained by illuminating a part of the sample cov-
ered with a plasmonic crystal. The measurements were
performed with a low pump fluence of Φpu = 30µJ/cm
2.
In between measurements, the sample was successively
exposed to Φpu = 140µJ/cm
2. The cumulative expo-
sure time τexp increases from the lower curves (black)
to the upper curves (light green). The impact of the
pump beam at the time t = 0 leads to the appearance of
high frequency THz oscillations in the reflectivity tran-
sients which decay on a ps-timescale. In addition, a non-
oscillatory exponential decay is present in the transients.
While the oscillations are only faintly visible for the bare
FIG. 3. Room temperature differential reflectivity signals af-
ter exposure to a pump fluence of 140µJ/cm2 for varying
exposure times τexp. The transients were taken at a pump
fluence of 30µJ/cm2. The left set of data (a) was acquired on
an area of bare (Cd,Mg)Te, while the right set of data (b) was
acquired on the plasmonic crystal structure. Data are shifted
vertically for clarity.
semiconductor, the excitation of the plasmonic crystal
leads to an enhancement of the signal by one order of
magnitude with the amplitude reaching values of up to
∆R
R
= 3× 10−4.
In order to elucidate the nature of the oscillatory sig-
nal, we first perform local regression smoothing which
follows the evolution of the non-oscillatory background
and subtract it from the dataset. Subsequently, the re-
maining oscillatory part ∆R∗/R, is fitted with a damped
harmonic oscillation
∆R∗(t)/R = A exp
(
−
t
τ
)
sin (2πft+ φ) , (1)
where A is the amplitude, f is the oscillation frequency, τ
is the decay time and φ is the phase. Exemplary curves
are shown in Fig. 4(a). The phase and decay time do
not depend on the exposure time τexp within the accu-
racy of the experiment. The dependence of amplitude
and oscillation frequency for the plasmonic crystal (PC)
are shown in Fig. 4(b) and 4(c), respectively. It follows
that A increases with τexp, reaching a saturation value of
about 3 × 10−4 after 20min. The oscillation frequency
f experiences a decrease of about 0.1THz from an ini-
tial value of 3.7THz (3.8 THz) at 300K (10K) during
5FIG. 4. (a) Oscillatory part of the transient signal ∆R∗/R after τexp= 50min measured on the plasmonic crystal (PC) and
on bare (Cd,Mg)Te. In case of the PC the data are shown for T = 10K and 300K. As indicated, the signal amplitude on bare
(Cd,Mg)Te was multiplied by a factor of 10 before plotting. The green lines are the fits of experimental data with a damped
harmonic oscillation [see Eq. (1)]. Individual curves are offset by 5× 10−4 for better visibility. Dependence of amplitude A and
frequency f on exposure time τexp in the plasmonic crystal both at room temperature (red dots) and at 10K (blue squares)
(b, c) and bare semiconductor at 300K (d, e), respectively.
the first 10min of exposure. These dependencies follow
similar behavior at both low T = 10K and room tem-
peratures. The decay time τ increases from 1.1 ps to 2 ps
with decrease of the temperature from 300K to 10 K.
In case of the bare semiconductor layer, the value of A is
about 10 times smaller at the initial stage (τexp ≈ 10min)
and grows only weakly without reaching the saturation
value even after 120min of exposure [see Fig. 4(d)]. The
dependence of f on τexp is also weak as it is shown in
Fig. 4(e).
The THz range of the oscillations and the weak depen-
dence of its decay time and frequency on the temperature
indicate that coherent optical phonons in the semicon-
ductor layer could be responsible for the observed tran-
sients [31–33]. However, none of the observed frequen-
cies fit to the optical phonon energies at the Γ point
of the Brillouin zone in Cd0.86Mg0.14Te. The optical
phonon in this material which is the closest in energy
to the measured values is the 4.2THz (17.4meV) CdTe-
like TO mode [26, 34]. From the experiment it follows
that for long exposure times the oscillation frequency ap-
proaches f300K = 3.60THz (14.9meV) at T = 300K and
f10K = 3.72THz (15.4meV) at T = 10K which cor-
responds very well to the frequency of the symmetric
A1 breathing mode of Te with fTe,295K = 3.61THz and
fTe,4K = 3.73THz [35]. Indeed, formation of tellurium
under optical illumination is possible in several II-VI tel-
luride semiconductors. It has been observed in CdTe [36],
CdZnTe [37, 38] and ZnTe [39, 40] crystals under contin-
uous wave illumination above the band gap. Recently,
excitation of coherent phonons in a segregated layer of Te
on ZnTe was induced by illuminating the semiconductor
crystal with intense 10 fs optical pulses [41]. Thus, the
buildup of the oscillating signal with increase of the pump
exposure time in Fig. 4(b) clearly demonstrates a change
of the interface composition and formation of segregated
Te increasing in amount with τexp. We emphasize that
the long-term pump induced changes in the reflectivity
transients are irreversible, i.e. the oscillatory signal in
the pump-probe transients does not disappear after the
intense illumination has been switched off.
After elaborating the origin of the THz oscillations, we
discuss the role of SPPs. Two main features follow from
the data in Fig. 4. Illumination with intense laser pulses
leads to (i) decrease of the oscillation frequency and (ii)
saturation of the amplitude, which takes place only in
the case of the PC.
At first glance, the shift of the oscillation frequency
with respect to the bulk value by ∆f ≈ 0.1THz could be
attributed to mode softening, i.e. electronic weakening
of the crystal lattice with increase of photoexcited carrier
density in Te [42–44]. This could occur at high excitation
fluences due to stronger absorption taking place when the
Te layer thickness grows. In the presence of mode soft-
ening, the oscillation frequency of the transients under
prolonged pulsed illumination would be expected to be
lower than the literature values fTe, which were obtained
under relatively low power CW illumination. However,
6FIG. 5. Dependence of the oscillation frequency f and os-
cillation amplitude A on the applied pump fluence Φpu at
300K on the PC sample. The pump fluence used to record
the transients in Figs. 3 and 4 is indicated with an arrow.
Softening of the A1 mode frequency follows f = f0 − βΦpu
with f0 = 3.65 THz and β = 0.65 cm
2THz/mJ. Dashed line
is a fit with a linear function A = αΦpu, α = const.
we observe that for long exposure times the measured
oscillation frequency is in line with the literature values
of the A1 phonon. In the case of the plasmonic crys-
tal, a significant decrease of the frequency below 3.6THz
takes place only for pump fluences above 100µJ/cm2 (see
Fig. 5) which is larger than Φpu = 30µJ/cm
2 used for the
current experiment. Therefore, we conclude that mode
softening cannot explain the observed frequency change
∆f .
The elevated value for the oscillation frequency during
the first 10min of exposure can thus be explained by a
confinement of vibrational modes in a thin Te layer with
thickness w [45]. The change of the phonon frequency
∆f(w) can be estimated as ∆f = f ′′(0) × (π/w)2/2,
where f ′′(0) is the second derivative of the Te phonon
frequency with respect to the wavevector, calculated at
the Γ-point of the Brillouin zone. Naturally, f ′′(0) de-
pends on the direction of the layer normal, which we
cannot determine. In the following estimate we adopt
the value f ′′(0) ≈ 3× 10−20THzm2 taken from fitting of
the dispersion curves given by Pine and Dresselhaus [46].
Note, that f ′′(0) is positive and, therefore, the frequency
of the symmetric A1 breathing mode becomes smaller in
Te layers of growing thickness w, which is in full accord
with the experimental data.
The effect of phonon confinement allows estimating
the initial thickness of the Te layer and monitoring its
formation. The frequency shift at the initial stage be-
fore exposure to intensive light (τexp = 0) corresponds to
∆f300K = 0.12THz. From this value we deduce an ini-
tial layer thickness w ≈ 1 nm. Next, we can assume that
the signal amplitude A during the segregation process
is directly proportional to the Te layer thickness. This
assumption is justified since the absorption length in Te
is significantly larger (∼ 50 nm) [42]. The Te thickness
at the initial stage corresponds to about 1 nm with A
being about 30% of the saturated amplitude value [see
Fig. 4(b)]. Therefore, we conclude that the formation of
the Te layer stops at w ≈ 3 nm.
In the case of the bare (Cd,Mg)Te sample the for-
mation of Te is less efficient and develops very slow.
Here, the frequency shift remains large even after two
hours of exposure ∆f = 0.1 − 0.2THz corresponding to
w ≈ 1 − 0.7 nm and no saturation of the amplitude is
observed [see Fig.4(d)]. These results directly demon-
strate that the plasmonic crystal leads to a significant
enhancement of the Te segregation due to SPPs.
Finally, we analyze the absolute magnitude of the os-
cillatory signal for long exposure times (τexp ≈ 60min)
which corresponds to A = 2 × 10−5 on the bare
(Cd,Mg)Te sample and A = 3 × 10−4 in the case of the
plasmonic crystal for Φpu = 30µJ/cm
2. The oscillation
amplitude A evolves linearly with the pump fluence in
this regime (see Fig. 5). When scaled up to the pump
fluences used by Hunsche et al. for the pump-probe mea-
surements on crystalline Te [42, 43] and by Kamaraju
et al. on polycrystalline material [47] in the same wave-
length range, we find that the magnitude of A in the stud-
ied hybrid Te-plasmonic crystal structures is comparable
to the coherent phonon amplitudes measured in bulk tel-
lurium. Taking into account that in our structures the
layer thickness is at least one order of magnitude smaller
than the absorption length of Te, we conclude that com-
parable signals are resulting from a smaller Te volume
when SPPs are involved. This is further supported by
the fact that the amplitude in the bare (Cd,Mg)Te is
about one order of magnitude smaller as compared to
the bulk Te data. Thus, the use of plasmonic crystals
allows us to increase the sensitivity and to achieve large
amplitudes of THz modulation in thin Te layers with a
thickness of only several nm. The underlying mechanism
of the enhancement is discussed in the following section.
IV. SPP ENHANCEMENT OF THE
DIFFERENTIAL REFLECTIVITY
The spectral position and shape of SPP resonances in
the reflectivity spectra are very sensitive to changes of
the dielectric constant of the constituent materials at
the interface. Therefore, differential reflection of light
may be significantly enhanced in the vicinity of SPP res-
onances [4–8]. The role of plasmon resonances in the
optical response mediated by coherent phonon oscilla-
tions has been recently studied using femtosecond pump-
probe techniques. The enhancement of coherent phonon
dynamics has been demonstrated in graphite [48] and
CuI [49] films due to local field enhancement induced
by localized surface plasmons in gold nanoparticles and
films with nanoscale roughness, respectively. However,
for propagating SPPs in 30 nm thin bismuth films, which
7FIG. 6. Differential reflectivity transients measured for vari-
ous pump and probe polarization configurations at T = 300K.
The orientation of the plasmonic crystal with respect to the
incident beams corresponds to ϕpu = 0
◦ and ϕpr = 90
◦
as shown in Fig. 2(a). The linear p− or s−polarizations
of the pump Lpu and the probe Lpr beams are labeled by
(Lpu, Lpr). Measurements were performed after an exposure
time of 60min at a pump fluence of Φpu = 140µJ/cm
2 when
the oscillatory signal was fully built up. The transients are
offset for better visibility. The dotted lines indicate the zero
levels of the individual curves.
were excited in Kretschmann configuration, the oscil-
latory signal was suppressed close to resonance condi-
tions [50].
A fundamentally different situation is realized in our
hybrid structures. Here, propagating SPPs originate
from the interface between a noble metal (Au) and a
transparent semiconductor (Cd,Mg)Te with an only few
nm thick Te layer at the interface between them. There-
fore, optical losses in our hybrid system are expected to
be significantly lower. In order to check the role of SPPs
on the strength of the oscillatory signal, we perform two
types of experiments. While the first is based on the po-
larization selectivity of SPPs in plasmonic crystals con-
sisting of linear gratings, the second relies on the spectral
dependence of the differential reflectivity close to SPP
resonances. Both experiments indicate that SPPs lead to
an enhancement of the oscillatory signal by at least one
order of magnitude. All measurements were performed
at Φpu = 140µJ/cm
2 after waiting about 60min until the
formation of the Te layer was fully accomplished.
Use of plasmonic crystals based on a linear grating
allows selecting a proper direction of linearly polarized
pump and probe beams in order to compare the transient
signals with and without excitation of SPPs with the cor-
responding beams. The set of ∆R(t)/R transients in the
hybrid plasmonic crystal after formation of the Te layer
for ϕpu = 0
◦ and ϕpr = 90
◦ is shown in Fig. 6. The mag-
FIG. 7. Amplitude of the oscillatory signal resolved by wave-
length for two different sample orientations corresponding to
excitation of SPPs by the probe beam with ϕpr = 90
◦ (black)
and for ϕpr = 0
◦ (red). Φpu = 140µJ/cm
2. Spectral positions
of the calculated SPP resonances are indicated with arrows.
nitude of the oscillatory signal in the hybrid plasmonic
crystal is very sensitive to the polarizations Lpu and Lpr
of both beams. The orientation of the plasmonic crystal
with respect to the incident beams [see Fig. 2(a)] dictates
that SPPs are excited when the pump is p-polarized and
the probe is s-polarized, i.e. (p, s) configuration. The
strongest modulation of the differential reflectivity is ob-
served exactly in this configuration. When either one of
the beams or both of them are switched to another non-
plasmonic polarization, the THz-oscillations practically
vanish. In contrast to that, the differential reflection sig-
nal of unpatterned (Cd,Mg)Te is about the same in all
four polarization configurations. This observation proves
the crucial role of SPPs for the excitation of coherent
phonons in the tellurium layer, as well as for their effi-
cient detection.
Another approach, which allows determining the role
of SPPs in detection, is based on the analysis of the
spectral dependence of differential reflectivity transients.
Here, we expect that an enhancement of the probe beam
modulation should take place in the vicinity of the SPP
resonances. Spectrally resolved measurements were per-
formed using a tunable liquid crystal based interference
filter with a bandwidth of 7 nm in the reflected beam
path. Two different excitation geometries were studied
by orienting the grating slits of the plasmonic crystal ei-
ther parallel (ϕpr = 90
◦) or perpendicular (ϕpr = 0
◦)
to the incidence plane of the probe beam (see Fig. 2).
The plasmonic polarization configurations in these two
geometries were (p, s) and (s, p), respectively. Each of
the geometries addresses different SPP resonances in de-
tection. The amplitude A was extracted from the tran-
sients using the same procedure as described in Sec. III
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FIG. 8. Results of the electromagnetic modeling. (a) The distribution of the electric part of the electromagnetic energy density
in the plasmonic crystal and specifically in the (Cd,Mg)Te part before the Te segregation for illumination with laser light having
a Gaussian spectral profile of full width at half maximum ∆λ = 63 nm centered at λ = 800 nm and incident under θ = 17◦,
ϕ = 90◦. (b) Schematic of the plasmonic crystals after Te formation. (c) Spectra of the oscillatory signal amplitude for two
different sample orientations corresponding to excitation of SPPs by the probe beam with ϕpr = 90
◦ (black) and for ϕpr = 0
◦
(red). (d) White light reflectivity spectra calculated for (θ = 17◦, ϕ = 90◦) and (θ = 17◦, ϕ = 0◦) via the RCWA method.
Spectral positions of the SPP resonances in (c) and (d) are indicated with arrows.
using Eq. (1) and the results are shown in Fig. 7. It is
clearly seen that A(λ) differs strongly for the two geome-
tries. While for ϕpr = 90
◦ the maximum enhancement
is observed at a wavelength of about 800nm, the spec-
tral dependence at ϕpr = 0
◦ shows a local minimum for
that wavelength and enhanced amplitudes at 830nm and
760nm.
A theoretical description of the spectral dependence
of the transient signal was performed using the Rigor-
ous Coupled-Wave Analysis (RCWA) [51]. For this pur-
pose, we first calculate the distribution of the electric part
of the electromagnetic energy density in the plasmonic
crystal and specifically in the (Cd,Mg)Te part before Te
segregation takes place which is shown in Fig. 8(a). It
follows, that the electromagnetic energy is mostly con-
centrated under the gold stripes. Therefore, for the cal-
culations we assume that formation of Te takes place in
those regions [Fig. 8(b)].
In the perturbation regime the differential reflectivity
of the oscillatory part can be written as
∆R∗
R
=
[
C1(λ)
ǫ1
dǫ1
dQ
+
C2(λ)
ǫ2
dǫ2
dQ
]
δQ , (2)
where δQ(t) = a exp(−t/τ) sin(2πft + φ) is the time-
dependent displacement of the A1 nuclei coordinate,
which corresponds to a coherent oscillation of the A1
phonon. Here, ǫ1 = 31 and ǫ2 = 19, are the unper-
turbed real and imaginary parts of the dielectric con-
stant in the spectral region of interest, respectively [52].
For the overall shape of the spectral dependence, the ra-
tio between the modulation of the real part dǫ1/dQ and
the modulation of the imaginary part dǫ2/dQ by the co-
herent phonon motion is of prime importance. For the
modeling presented in Fig. 8(c) the relation dǫ2/dQ ≈
−1.5(dǫ1/dQ) was used, which was taken from the data
in bulk tellurium [53, 54]. The spectral dependencies
of C1(λ) and C2(λ) are determined by the parameters of
the plasmonic crystal. Here, the thickness w of the segre-
gated Te layer enters due to its influence on the complex
index of refraction at the gold-semiconductor interface.
Calculation of C1(λ) and C2(λ) with the use of Eq. (2) al-
lows modeling the spectrum of the oscillation amplitude
[see Fig. 8(c)]. It agrees qualitatively with the experi-
mental data in Fig. 7 if the thickness of the segregated
Te regions is w = 3.5 nm, which is in excellent agree-
ment to the above estimations based on the oscillation
frequency.
When the plane of incidence of the probe beam is par-
allel to the slits of the plasmonic crystal (ϕpr = 90
◦)
both experimental and calculated spectra of the oscilla-
tion amplitude have a maximum at around 795nm, which
is close to the SPP resonance at the semiconductor in-
terface (λ = 792nm). When the probe beam is inci-
dent perpendicularly to the slits (ϕpr = 0
◦) the ampli-
9tude spectra have two peaks. Their spectral positions
in the experimentally obtained and calculated data are
slightly different. Nevertheless, in both cases the peaks
are in close proximity to the SPP resonances at around
823nm and 766nm. This finding additionally supports
the assumption that plasmonic enhancement is responsi-
ble for the increased differential reflectivity modulations
in the hybrid structure. The observed amplitude peaks
are close to the extrema of the reflectivity spectrum [see
Fig. 8d)] rather than to its slopes. Consequently, the en-
hancement is mainly caused by a broadening of the SPP
resonance due to the variation of the Te dielectric per-
mittivity. Changes in the dielectric permittivity might
also cause the SPP resonance to shift. However, in the
case of the highly absorptive Te regions this contribution
to the differential reflectivity is much less pronounced.
V. CONCLUSIONS
We demonstrate that the presence of propagating sur-
face plasmon polaritons at the interface between a no-
ble metal grating and a II-VI semiconductor enhances
the tellurium segregation under sub-bandgap illumina-
tion. The formation of elemental tellurium takes place
under the metal stripes and saturates at a thickness of
about 3 nm for resonant excitation of surface plasmon po-
laritons after about 20 minutes for an illumination with
140µJ/cm2.
Next, a significant enhancement of the excitation and
detection of coherent optical phonons observed by pump-
probe transients is manifested in the THz modulation of
the SPP spectral width (quality factor). The overall sen-
sitivity to lattice vibrations is increased by more than
one order of magnitude. This allows measuring the co-
herent phonon dynamics in a very thin Te layer (1 nm)
and resolving the confinement of the A1 symmetry op-
tical phonon mode leading to an increase of the phonon
frequency by 0.1 − 0.2THz. The modulation of surface
plasmon resonances at THz frequencies with the help of
optical phonons holds promise for application in ultra-
fast active plasmonics. In this respect, the use of optical
phonons is appealing because the amplitude of lattice
motion can be coherently controlled by a train of optical
pulses.
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